Objective: Leptin is the hormonal product of the ob gene. It is expressed in adipocytes and participates in the regulation of food intake and metabolism. Since leptin also seems to signal metabolic information to the reproductive system, we studied the association between reproductive hormones and plasma leptin in normal-weight young women. Design: Eight young women with normal menstrual cycles (body mass index (BMI) 21.2 Ϯ 1.6 kg/m 2 ) and eight young women using hormonal contraception (BMI 21.4 Ϯ 1.1 kg/m 2 ) were studied. Furthermore, six women with normal menstrual cycles and no hormonal therapy (BMI 20.7 Ϯ 1.2 kg/m 2 ) were studied around the time of the anticipated ovulation. Methods: Serum leptin, estradiol, progesterone and luteinizing hormone (LH) concentrations were measured with radioimmunoassays. Results: Serum leptin concentrations were similar at the beginning of the cycle, at the time of the anticipated ovulation and at the end of the menstrual cycle (10.2 Ϯ 7.1, 10.7 Ϯ 7.0 and 11.8 Ϯ 6.9 mg/l respectively). There was an association between leptin and LH concentrations (r ¼ 0.37, P< 0 .01) when values recorded during different time points during the cycle were plotted with each other. There was no change in serum leptin in samples taken at different times of the cyclic treatment with an oral contraceptive. There was no significant difference in mean serum leptin concentrations between women using oral contraceptives and women with no hormonal therapy. Conclusions: There is a link between serum leptin and LH concentrations during the menstrual cycle. Variations in circulating estrogen and/or progesterone concentrations have no major influence on circulating leptin in young female subjects.
Introduction
Leptin is a hormonal product of the adipose tissue. It seems to mediate the satiety signal from peripheral fat to the central nervous system. Increasing body fat content results in the elevation of circulating leptin concentrations (1, 2) . Leptin was originally characterized in obese ob/ob mice that have a mutation of the ob (leptin) gene leading to lack of active leptin (3). Obese female ob/ob mice are infertile due to a defect in the feedback regulation of the hypothalamic-pituitary axis (4) . Their early sexual development is normal, but ovulation and estrous cycles never occur in these animals (5) . However, administration of recombinant human leptin to these mice corrects their sterility (5) , supporting the existence of significant interactions between leptin and the reproductive system.
Leptin is present in follicular fluid and can induce a biological response in ovarian cells, suggesting that leptin may have a direct effect on the human ovary (6) . Both long and short isoforms of leptin receptors are expressed in the ovary (6) . Thus, information on body fat stores may be transferred to the reproductive organs through leptin. On the other hand, gonadal hormones may regulate plasma leptin. The plasma leptin concentration is higher in pre-than in postmenopausal women, and males have lower leptin concentrations than females, even when corrected for differences in body composition (7) .
To see whether there are changes in serum leptin concentrations during the normal menstrual cycle, we measured serum leptin concentrations at different time points during the cycle in young healthy females not using any hormone therapy and in women regularly taking oral contraceptives. and 30 days were included in the study. They all had a body mass index (BMI) between 20 and 25 kg/m 2 and they did not take any regular medication (except oral contraceptives when indicated). The demographic characteristics of the volunteers are presented in Table 1 . All the participants gave written informed consent to participate. The protocol was approved by the Joint Ethical Committee of the University of Turku and Turku University Central Hospital.
Materials and methods

Subjects and study design
The first group (group I) consisted of eight volunteers not using any hormonal contraception. Three blood samples were collected at different time points during the menstrual cycle; one sample between the 2nd and 5th day, another on the 14th or 15th day and the third between the 24th and 26th day of the cycle.
The second group (group II) consisted of eight volunteers using hormonal contraception on a regular basis. They all had used an oral contraceptive containing 30 mg ethinylestradiol and 75 mg gestoden (Femoden, Schering AG, Berlin, Germany) for at least 6 months. The tablets were taken daily from the 1st day after menstruation to the 21st day when a seven-day break was introduced. Four blood samples were taken in these subjects: one on the 7th or 8th day after initiation of drug intake, another between the 19th and the 21st day, the third between the 5th and 7th day of the drugfree period and the fourth sample again on the 7th or 8th day of the following cycle.
The third group (group III) was included to get accurate information from the time around the anticipated ovulation during which rapid changes in gonadotropin secretion take place. This group included six volunteers not using any medication. Five blood samples were collected on five successive days (between the 12th and the 16th days of the cycle) in this group. The anticipated time of ovulation was calculated as the first bleeding day minus 14 days.
Methods
All blood samples were taken by venipuncture between 0800 and 1000 h after an overnight fast. The volunteers had at least 15 min rest in the sitting position before the samples were taken from a large forearm vein. Serum was promptly separated and kept frozen at ¹70 ЊC until analyzed. Serum leptin was measured with a human leptin radioimmunoassay (RIA) kit (Linco Research, Inc., St Charles, MO, USA). The interassay coefficients of variation were 6.5% at a mean leptin concentration of 2.9 mg/l and 9·9% at a mean concentration of 14.5 mg/l. Serum estradiol (Spectria Estradiol RIA, Orion Diagnostica, Espoo, Finland), progesterone (Spectria Progesterone RIA, Orion Diagnostica) and luteinizing hormone (LH) (Spectria LH IRMA, Orion Diagnostica) were measured with commercially available kits. Protocols given by the manufacturers were strictly followed in all analyses.
Statistics
Analysis of variance for repeated measures design was used to compare hormone concentrations in serum at different time points during the cycle. The results are expressed as means Ϯ S.D. BMI was calculated by dividing body weight by height 2 . A P value less than 0.05 was considered statistically significant. The calculations were performed with Systat 5.0 software (Systat Inc., Evanston, IL, USA).
Results
In women with normal menstrual cycles and no hormonal therapy (group I), serum leptin concentrations were similar at the beginning of the cycle, around the time of the anticipated ovulation and at the end of the cycle (F ¼ 0.69, P ¼ 0.52, ANOVA for repeated measures, Table 2 ). Expected changes in the gonadal hormones were seen, as evidenced by significantly higher serum progesterone (F ¼ 10.0, P ¼ 0.002, ANOVA followed by paired t-test) and estradiol (F ¼ 4.03, P ¼ 0.041) concentrations during the luteal phase compared with values during the first half of the cycle. Serum LH peaked at mid cycle, although differences between the three time points of the cycle were not statistically significant (F ¼ 2.72, P ¼ 0.11).
In women using oral contraception (group II), serum leptin also remained unchanged throughout the cycle (F ¼ 1.62, P ¼ 0.22, Table 2 ). Furthermore, mean serum leptin concentrations were not different from those recorded in subjects not using any hormonal contraception (F ¼ 0.01, P ¼ 0.91, ANOVA). Serum progesterone concentrations were constantly low during the cycle, and they did not differ from each other (F ¼ 0.94, P ¼ 0.44). Similarly, serum estradiol and LH were low during the contraceptive intake, although estradiol, in particular, increased during the treatment-free period. When all measurements were pooled together, mean serum estradiol (F ¼ 40.42,
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Leptin and LH during menstrual cycle 191 In the third group, the mid cycle serum hormone levels were followed on a day-to-day basis. Mean plasma progesterone concentration increased successively from the 12th day of the cycle (4.1 Ϯ 3.7 mmol/l) to the 16th day (20.4 Ϯ 19.3 mmol/l, F ¼ 3.98, P ¼ 0.016), whereas mean serum estradiol remained unchanged (F ¼ 0.38, P ¼ 0.82). Similarly, mean serum leptin (F ¼ 0.80, P ¼ 0.54) and LH (F ¼ 0.55, P ¼ 0.70) concentrations did not change. Since the elevation in serum LH at the time of ovulation is a rapid, short-lasting event occurring on varying days in different individuals, the daily mean values do not adequately reflect the day-today changes. Therefore, serum LH concentrations measured at different time points during the cycle in subjects not receiving hormonal treatment were plotted with concomitantly measured leptin levels. A significant correlation (r ¼ 0.37, P < 0.01, n ¼ 52) existed between serum leptin and LH concentrations, but no correlation was found when similar plots were constructed between serum leptin and progesterone (r ¼ ¹0.04) or leptin and estradiol (r ¼ 0.16). To account for individual variability and different timing of hormone peaks, the relative individual changes in serum leptin, LH, progesterone and estradiol concentrations were also calculated during the mid cycle, by dividing the hormone concentrations on days 13-16 with that on day 12. A significant correlation existed between the relative changes in serum leptin and LH (r ¼ 0.45, P < 0.05, n ¼ 23, Fig. 1 
Discussion
Numerous studies have demonstrated that female subjects have higher levels of circulating leptin than males (8) (9) (10) (11) (12) (13) . Furthermore, leptin concentration is higher in premenopausal than in postmenopausal women (7, 14) . Adolescent girls have higher serum leptin concentrations than boys and circulating leptin concentrations are higher before than after puberty (15, 16) . A gender difference exists also in the regional distribution of leptin expression: the subcutaneous-toomental fat ratio of leptin expression is markedly higher in women than in men (17) . Thus, gender seems to be an important determinant of leptin homeostasis but the mechanisms mediating this effect are still obscure.
Data from animal experiments suggest that gonadal steroids might modulate leptin expression. In isolated mature rat adipocytes, 17b-estradiol increased leptin release (18, 19) . Eight weeks after ovariectomy, leptin expression was reduced in subcutaneous and retroperitoneal white adipose tissue in the rat; the expression was increased again after estrogen replacement therapy (14) .
Hardie et al. (20) found circulating leptin concentration to be associated with the menstrual phase. They recorded peak leptin concentrations during the luteal phase, together with a coinciding elevation of serum progesterone (20) . However, the blood samples were not collected at a specific time of the day, which may have affected the results. Leptin secretion exhibits a circadian pattern, serum concentrations steadily increasing from a nadir in the morning to peak concentrations after midnight (21, 22) . Therefore, the timing of the blood sampling is a critical issue. Tataranni et al. (23) cycle and compared the concentrations with those obtained in amenorrheic subjects. Consistent with our findings, they found no association between plasma leptin concentration and menstrual function after adjusting plasma leptin for percentage body fat. When studying serum leptin during the menstrual cycle in humans, Shimizu et al. (14) found serum leptin to be higher during the luteal than during the follicular phase of the cycle. However, although they found the difference to be statistically significant, it was small in magnitude (mean values during luteal and follicular phases were 12.2 and 9.2 mg/l respectively). In our study also, a small insignificant trend (about 1.25-fold elevation) to higher values at the end of the cycle was seen when compared with the first days of the cycle (Table 2) . A variation of this magnitude may, however, represent a random event. Comparing serum leptin concentrations measured at two physiologically identical time points one month apart in the contraceptive group revealed an identical difference: apparently 1.25-fold higher leptin levels were seen at the beginning of the first cycle compared with the beginning of the following cycle. When compared with over 3.5-fold elevation in serum estradiol and about 13-fold elevation in serum progesterone during the same cycle, the 1.25-fold insignificant elevation in serum leptin strongly suggests that neither estradiol nor progesterone have a major impact on serum leptin concentrations during the menstrual cycle.
In the subjects using oral contraceptives, endogenous estradiol and progesterone levels were suppressed, as expected. The contraceptive preparation contained 30 mg ethinylestradiol, a potent oral estrogen, and 75 mg gestoden. Clinical studies have demonstrated that gestoden has strong progestogenic, antiestrogenic and antigonadotropic effects but, at doses used in combination with ethinyl estradiol for contraception, its androgenic activity is negligible (24, 25) . Therefore, the combination of ethinylestradiol and gestoden can be characterized as an estrogen-dominant formulation (24) . No significant changes in circulating leptin were seen in subjects using contraceptives and the mean leptin concentrations did not differ compared with subjects not using any hormonal medication. These findings further strengthen the conclusion that, at least in young female subjects, variations in estrogenic and/ or progestogenic tone will not have a major influence on circulating leptin.
The effects of high estrogen concentrations on leptin were explored in a study with middle-aged premenopausal women using no oral contraceptives, and in postmenopausal women either using or not using postmenopausal hormone replacement therapy. Leptin concentrations were not significantly different among the three groups (26) , and in elderly women aged 60-72 years, hormone replacement therapy for 11 months had no effect on circulating leptin (26) . These findings are in accordance with our results indicating that changes in circulating estrogen due to hormonal therapy are not likely to affect serum leptin.
Besides gonadal steroids, a number of hypothalamic factors may also participate in the regulation of leptin secretion. According to animal experiments, chronic intracerebroventricular infusion of neuropeptide Y (NPY) increases leptin production in the white adipose tissue by a mechanism probably mediated through increased insulinemia (27) . The distribution of NPYproducing neurons in the nucleus arcuatus of the hypothalamus is different in male and female rats (28) . In addition, leptin itself may affect reproductive functions and secretion of sexual hormones. In animal studies, very low concentrations of leptin stimulate in vitro the release of luteinizing hormone-releasing hormone from hypothalamic explants as well as follicle-stimulating hormone (FSH) and LH release from pituitary in the rat; in vivo leptin injected into the third ventricle increases plasma LH (29) .
Female puberty has been reported to be associated with increased serum leptin in obese as well as in lean children (16) . Garcia-Mayor et al. have studied pubertyrelated changes in leptin in relation to gonadal hormones, LH and FSH in normal children (30) . Serum leptin was elevated before corresponding elevations in other reproductive hormones related to puberty took place. Licinio et al. (31) recently reported that release patterns of leptin and LH are synchronized. At night, as leptin levels peak, the pulsatility profile of LH becomes synchronous with that of leptin. It was proposed that leptin may regulate the minute-tominute oscillations in the levels of LH and estradiol, and that leptin may in this way determine the change in LH profile preceding ovulation (31) .
We found an association between serum leptin and LH concentrations when values recorded during different time points during the cycle were plotted with each other. The individual variability in the absolute levels of serum leptin concentrations and in the magnitude of changes in hormone concentrations led us to reanalyze the correlations using relative changes of the hormone concentrations. The weak but statistically significant association between serum leptin and LH seen in these analyses suggests that they may be linked with each other in humans. However, further studies are needed to show if this association represents a cause-and-effect relationship.
